The current status of the X-ray spectrometer XRS onboard SELENE (Kaguya) is reported here. The XRS is to map major elemental composition of lunar surface but is subject to unexpectedly faint solar activity. However it observed X-rays from the onboard standard sample excited by solar X-rays and non-solar X-ray events, maybe by particle events.
Introduction
The Japanese lunar orbiter SELENE (SELenological and ENgineering Explorer) is now in the circular orbit around the Moon at the altitude of 100km. It is named as "Kaguya" after a lunar princess in the Japanese fairy tale. The lunar science mission 1) has 15 experiments including X-ray fluorescence (XRF) spectrometry to map major elemental composition of the entire surface of the Moon 2) .
As was proven during the Apollo 15 and 16 missions, major elemental composition can be determined through remote XRF method for atmosphere-free planetary surfaces 3) . Solar X-rays irradiate planetary surface to excite X-ray fluorescence at the uppermost layer of surface materials, which is characteristic of major elements. Intensities and spectral profiles of solar X-rays vary time to time, which affects those of XRF off the planetary surfaces as well. Therefore mapping of major elemental composition from the orbit requires concurrent monitoring of solar X-rays. High energy particle-induced X-ray fluorescence is the other excitation mechanism on the planetary surface 4)-6) , but it has never observed in space mission. The nighttime observation is expected to assess some insight about this phenomenon.
One of the key objectives of the SELENE mission is to map surface mineralogy and elemental composition using Visible-to-Near-Infrared spectroscopy, X-ray and gamma-ray spectroscopy. XRF spectrometry aims at mapping most major elemental composition, especially in Mg, Al, and Si with complete coverage except at polar region, and in Ca, Ti, and Fe at the scale of basin (detection of these elements are expected only during solar flares). To achieve those purposes, the XRS instrument consists of CCD-based main detector with a direct monitor of solar X-rays as well as XRF calibrator with a standard sample plate aboard 7) . We report here the scientific objectives, instrumentation of the XRS, as well as its current status around the lunar orbit.
Scientific Objectives
Scientific objectives of the XRS observation are (1) global mapping of major elements of lunar surface except for polar regions during day time, (2) understanding the physical processes of lunar X-ray illumination in the night time that occur by impact of solar wind particles and cosmic rays as well as natural radioactivity, and (3) regional variation of surface microscopic roughness as a result of particle size effect on XRF.
Lunar Elemental Mapping
Lunar XRF experiments have mapped about 10 % of the lunar equatorial regions during the Apollo 15 and 16 missions in 1971-1972 and implied that lunar maria are covered with lava flows in basaltic composition while lunar highlands are dominantly occupied with aluminous anorthosetic materials 8) . Tsiolkovsky crater shows more mafic composition relative to its surrounding anorthosetic highlands. Impact ejecta of Picard crater that is located even in the mare basin reveals remarkably mafic composition in comparison to the average composition of Mare Crisium. The effective spatial resolution of the Apollo XRF map is less than 30km after compilation of data obtained from several orbits 9) .
The SELENE mineralogy and elemental composition mapping also aims at identification of materials from deep interior when observing the central peaks of craters and impact ejecta. Global regional variation of base rock composition will be informed as well as exposed mantle
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materials at some areas. Investigation of crust and mantle differentiation processes, evolution of lunar highland crust, and magnesium number of the lower crust and mantle will be the main targets.
For those purposes, major rock-forming elements (Mg, Al, Si) are most important information to identify rock types. Ti abundance is useful for classification of lunar mare basalts since it varies very low-Ti (< 1wt%), low-Ti (a few wt%), and high-Ti (> 5wt%), and its regional distribution informs the history of mare production and its interior reservoir composition. Fe/Mg is most important for Mg# of lunar crust and mantle, which indicates the redox state of the silicate Moon.
Particle-Induced XRF
As is used in the laboratory analysis, natural PIXE (charged particle induced X-ray excitation method) or natural EDX (electron induced energy dispersive X-ray method) are expected to take place on the planetary surface. It is well known as the aurora X-ray radiation for the atmospheres of planets, but never observed for solid planetary surfaces, although there was some illumination found on the lunar night side.
It will be identified when it is observed in the night side or when the solar activity is too faint to sufficiently excite X-ray fluorescence. It is checked using the solar X-ray data provided by the Geostationary Orbiting Environmental Satellites (GOES). This experiment is also important for the future X-ray spectrometry for Galilean satellites or dark side of the Mercury by Messenger and BepiColombo 5),6) .
Surface Roughness
Surface microscopic roughness affects the intensities and spectral profiles of X-ray fluorescence. Most of planetary surfaces are often covered with regolith whose particle size ranges micrometer to millimeter in diameter and has the mean of 70 to 100 micrometer in mass fraction. Our experimental studies 10)-12) show that the intensities decrease with larger particle size (rougher surface geometry). And it is highly dependent on phase angle rather than incident and emission angles, and XRF intensities decrease with larger phase angles. Not only the intensities but spectral profiles are influenced. In general, the phenomenon is more effective for lower energy (smaller-Z elements). Therefore, this phenomenon is well examined by the XRF experiments of the day side observation as reported by Hubbard and Keith (1977) 13) .
Instruments
The XRS mainly aims at global mapping of major elemetns, with a footprint of 20km by 20km.
The XRS instrument consists of a main detector to observe X-rays off the lunar surface, XRF-A, a direct solar X-ray monitor and an onboard XRF calibrator with standard sample, SOL-BC, and the electronics, XRS-E. The specification is tabulated in Table 1 . The outlook of XRF-A and SOL-BC are shown in Fig.1 .
To achieve the scientific objectives, we adopted new technologies such as X-ray charge-coupled devices (1-inch square sized, 1K by 1K pixels, full-frame transfer method, buttable shape, manufactured by Hamamatsu Photonix, K.K.). The ultra-thin beryllium window in 5 to 10 micron thick is set to shield the visible light. Latticed collimators are placed in front of the beryllium window to limit the FOV in 12 x 12 deg. The 80 cm 2 radiators atop the XRF-A and SOL-BC are to keep the CCD chips sufficiently cool with passive radiation. For the control and onboard data handling, the 60MHz and 32 bit fast RISC-type onboard computer SH-OBC is installed with the majority voting technique to improve radiation tolerance. The XRS has higher energy resolution of 150 to 180 eV at 5.9KeV (depending on chips) in preflight test, and total detection area of 100cm
2 by using array of 16 CCD chips. Since the allocation of telemetry is limited in 4Kbytes/sec for the XRS in nominal mode, the XRS has functions to extract only X-ray events from all the readout data from CCD at 125KHz, to classify the grade for each X-ray event, and to produce X-ray energy spectrum by using the onboard logic circuits of FPGA and the software program in the SH-OBC. 
Current Status around the Lunar Orbit

Initial Checkout
We have checked the XRS in its function of electronics, power supply, and thermal control in the lunar transfer orbit in 24 Septemper 2007. After insertion into the lunar polar circular orbit, we conducted the examination of detector sensitivity and onboard data handling functions of FPGA logics and the software.
All the functions showed good performance. But we found the CCD detector has larger numbers of improper events than expected. One possible explanation is that they occurred from deficiencies of damaged pixels due to much irradiation by high-energy charged particles. Alternative explanation is that the less effective transfer of charges from pixels due to damaged electrodes. Indeed, the XRS has experienced more severe radiation condition than designed. The mission decided to change its trajectory from the direct lunar orbit insertion to 2.5 phasing orbits before LOI, so that it passed terrestrial radiation belt three times.
XRS Observation
The XRS is now operated in the reduced mode, in which limited numbers of CCD chips are driven to read the data. This means the effective detection area becomes a quarter of original one, but the signal to backgrounds ratio becomes good enough for observation due to shorter integration time. Thus the dark current level is much reduced below the event threshold level. Further optimization of CCD operation is necessary to achieve full performance in the lunar orbit.
However, X-ray data from the Moon and from the onboard standard sample successfully obtained. The X-rays off the standard sample detected by SOL-C shows X-ray spectrum with Mg-, Al-, and Si-Kα, and in some times with Ca-and Fe-Kα. The X-ray flux shows in good correspondence with enhanced solar activity of GOES X-ray monitor. For the XRF-A data from the lunar surface, clear enhancement of the X-ray flux shows just on the time correspondingly to the increase of flux of SOL-C.
The XRS elemental mapping observation is highly dependent on the solar activity, which has been in the solar minimum in 2007 and the X-ray activity has been still in very low level (under A0-Level) most of the operation period. Quantitative elemental composition is yet to be obtained so far.
XRF induced by non-Solar X-ray Sources
We found the SOL-C data that detect some elemental XRF peaks during the faint solar X-ray periods 14) (see Fig.2 ). Such data is also found in the nighttime, so that we regard them as the non-solar induced XRF events. We found XRF of major elements is excited to the higher energy such as Ca (3.69KeV) and Fe (6.40KeV) lines, while GOES solar X-ray data shows that the solar X-ray flux at that time is very low below the detection limit. These XRF events are possibly due to the phenomenon that high-energy charged particles induced the XRF just like the PIXE or EDX experiments in the laboratory, although we have no precise information on energies and species of impacted particles. But it is a very important discovery that non-solar X-ray events could really excite XRF of Ca and Fe. This fact implies that XRF experiments are able to carry out under the condition where the high flux of high-energetic particles are expected even in low or without solar X-ray flux, such as Galilean satellites or the night side of Mercury.
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Mg SOL-C Grade-All Fig.2 Example of an X-ray spectrum for non-solar events was observed on 23 Nov 2007, while the GOES solar X-ray monitor shows a "very low" solar activity 14) (below its detection limit). The horizontal axis denotes the X-ray energy in channel (12.7eV/channel), while the vertical axis shows the intensities of each energy channel during the 30 minute-long integration period (Photons/1800sec, detected by SOL-C). Grade-All means all the detected X-ray events are accumulated in this spectrum.
Summary
All the functions of the XRS onboard SELENE (Kaguya) are working well in order but some substantial degradation of performance in XRF-A occurred. Although we believe the XRF-A detected the X-rays from the Moon, the major elemental mapping of lunar surface is suffering from the instrumental problem as well as the unexpectedly faint solar activity.
As for the SOL-C observation, the detection of solar X-ray induced XRF from the standard sample plate is in very good condition. Furthermore, it is highly likely that non-solar induced X-ray events are detected during the "very low" solar activity period, possibly excited due to high energy particle impacting the standard sample plate. This might be much implicative information for the future X-ray experiments of Galilean satellites or dark side of the Mercury where energetic particles are accelerated by the planetary intense magnetic field.
